The geometries and electronic properties of small lithium-rich Al N Li 5N (Nϭ1 -6,10) clusters are studied using first-principles simulations. Aluminum ions form a compact inner core configuration in the clusters that changes into a chainlike skeleton embedded in a lithium surrounding as the cluster size increases. This behavior restricts s-p hybridization effects and causes separate s and p bands in the electronic energy spectrum. A significant charge transfer from Li ions and nearby Al ions strengthens ionic Al-Li bonds, while Al-Al bonds gain a more covalent nature. The evolution of some bulk properties of B2 and B32 phases of AlLi alloys is studied by constructing 59-and 145-atom Al N Li M (NϷM ) clusters based on a truncated rhombic dodecahedron. Tetrahedrally coordinated covalent Al-Al bonds of B32 clusters affect the electronic properties and hardness.
I. INTRODUCTION
Atomic clusters are intermediate objects between a single atom and infinite bulk matter and provide an interesting laboratory to study how the bulk properties emerge with increasing system size. Furthermore, they offer a possibility to investigate different size-evolutionary patterns of different materials. For example, the development of properties such as cluster geometries, thermodynamic stability, abundance distributions, electronic and vibrational spectra, dissociation and ionization energies, and chemical reactivity depends on the material in question.
A major breakthrough in metal cluster research was the observation of the electronic shell effects of homonuclear alkali-metal clusters ͑Na, K͒ in the experimental mass abundance spectrum. 1 In these studies, the most abundant cluster sizes ͑i.e., shell closings͒ were found to match the prediction of the spherical jellium model ͑SJM͒, where the ionic background density is uniform. 2, 3 The electronic shell structure found in other simple and noble-metal clusters 4 induced a rapid growth of interest in homonuclear metal clusters. Bimetallic clusters and their possible connection to the SJM also attracted interest, and many studies of such clusters were performed, with the results being interpreted as favoring SJM effects or otherwise, depending on the composition of the system. [5] [6] [7] An example of recent work is the experimental study by Heinebrodt et al. 7 on Au N X M ϩ (XϭAl,In,Cs) clusters, where each mixture displays distinct properties regarding charge transfer and SJM effects.
Both pure Al and Li clusters have been studied extensively using the SJM, [8] [9] [10] [11] [12] [13] [14] and the measurements follow SJM predictions relatively well in small clusters. There are, however, some properties ͓e.g., high ionization potential ͑IP͒ of small Al clusters 14, 15 and ionic geometries of small Li clusters (Nр20) ͑Ref. 12͔͒ that differ from other alkali metals. The underlying reasons for these phenomena are the relatively low-lying unoccupied 2p shell of Li and the uppermost 3p electron of Al atoms. Similarly, mixtures of these elements exhibit properties 16 -19 involving charge transfer from Li ions to Al orbitals and Al-Al bonds. This was recently demonstrated by Kumar 19 for a closed-shell ͑''magic''͒ decahedral Al 10 Li 8 cluster ͑38 valence electrons͒, where ionic Al-Li and covalent Al-Al bonds could be identified. We report here our findings for lithium-rich Al N Li 5N (N ϭ1 -6,10) cluster alloys and Al N Li M (NϷM ) cluster analogies for B2 and B32 phases of bulk AlLi, motivated in part by the possibility of building larger cluster-assembled entities from AlLi 5 clusters. This suggestion came initially from Cheng et al., 16 who observed that AlLi 5 exhibits an atomiclike electronic structure, where the valence electron density is localized around Al atoms giving the cluster a similar character as to rare-gas atoms. 16 We explore in detail some ideas of coating Al clusters by lithium, 18 and we investigate whether it is possible to assign the bulk properties of AlLi even at relatively small cluster sizes. The bulk AlLi alloy has been observed to possess remarkably high hardness despite its low density, and the AlLi phase diagram 20 shows that its melting point (Tϳ970 K) is even higher than that of pure aluminum (Tϳ930 K). These properties are related to the B32 ͑Zintl͒ phase of AlLi, where bcc unit cells are tetrahedrally occupied by Al and Li atoms, respectively. As shown by Guo et al., 21 a remarkable charge transfer from Li atoms to covalent Al-Al bonds and the underlying diamond sublattice cause the B32 alloy to exhibit diamondlike properties. We also study the metastable B2 ͑CsCl͒ phase of AlLi, which has been predicted theoretically to exist at high pressure. 21 The first-principles Born-Oppenheimer local-spin-density molecular-dynamics ͑BO-LSD-MD͒ simulation method and the cluster generation processes are described briefly in Sec. II. The results for Al N Li 5N (Nϭ1 -6,10) and Al N Li M (N ϷM ) cluster alloys are presented in Sec. III, and we summarize our findings in Sec. IV.
II. METHOD
The calculations are performed using the BO-LSD-MD method 22 employing the density functional theory ͑DFT͒ based Kohn-Sham ͑KS͒ formalism in conjunction with separable nonlocal, norm-conserving pseudopotentials for the 3s 2 3 p and 2s valence electrons of aluminum and lithium, respectively. 23 We use two parametrizations for the exchange-correlation functional of the total energy: the LSD approximation of Vosko, Wilk, and Nusair 25 ͑VWN͒ and the generalized gradient approximation ͑GGA͒ of Perdew, Burke, and Ernzerhof 24 ͑PBE͒. Ions move according to classical molecular dynamics, with the electronic HellmannFeynman forces evaluated at each time step from the valence electron density, and the method does not use supercell techniques in calculating the total energy of a finite system; i.e., there are no repeated images of the system. This makes it possible to calculate charged systems and systems with large multipole moments accurately and efficiently, and IP's and detachment energies ͑DE's͒ can now be obtained as total energy differences between neutral and charged clusters.
Optimized Al N Li 5N cluster geometries and corresponding energies are determined using a steepest-descent-like minimization ͑with LSD approximation and GGA, separately͒ without symmetry constraints. The related starting configurations are generated via ab initio molecular dynamics ͑time step ϭ3 fs) at high temperature (Tϭ1000-1200 K) combined with a simulated annealing procedure. The high temperature is used to ensure sufficient mobility of Li ions ͑which move slowly at low temperatures͒ and shape fluctuations. In order to speed up the simulations the simulated annealing is performed using the LSD approximation instead of the more sophisticated ͑and expensive͒ GGA. In addition to the customary annealing procedure, each simulation ends with a slow exponential temperature decay ͑half-life ϳ1 ps, cooling time ⌬tϭ3 -4 ps), where the resulting final structure generally has the lowest total energy among all structures considered. In addition, the isomers are modified further by swapping the positions of Al and Li atoms and by changing the positions of outermost Li atoms.
III. RESULTS

A. Al N Li 5N clusters
The lowest-energy structures of Al N Li 5N clusters (N ϭ1 -6) are presented in Fig. 1 20 , the packing of the cluster is not icosahedral, but it resembles more the bcc lattice and particularly the B2 phase of AlLi bulk. The mixing of Al and Li atoms is also present in Al 6 Li 30 , where the Al atoms are arranged in a low-coordinated C 3v unit. The overall shape of the cluster is elongated and icosahedral patterns ͑even a 19-atom double icosahedron͒ can be identified. In Fig. 2 the lowest-energy structure of the Al 10 Li 50 cluster is shown from three perspectives-front, right, and above-and the pure aluminum skeleton of the cluster is shown from the right. As already seen in Al 4 Li 20 and Al 6 Li 30 , it is easy to assign icosahedral fivefold patterns in the cluster geometry. The mixing of Al and Li atoms continues from Al 6 Li 30 , causing the embedded Al skeleton to adopt a chainlike form with each Al atom having on average two Al nearest neighbors. This is similar to the lithium-rich bulk alloy of Al 4 Li 9 (B2/m), where Al atoms tend to form ''zigzag'' chains. 21 Furthermore, it is observed both experimentally and theoretically that other Li rich phases where the Li-content has been increased do not exist, but decompose into the B2/m phase of Al 4 Li 9 and pure lithium. 20, 21 The properties of Al N Li 5N clusters are listed in Table I . In order to illustrate the differences between the LSD approximation and GGA we have included both values for average binding energy (Ē b ), vertical ionization potential ͑vIP͒, and energy gap (E g ) between the highest occupied and lowest occupied molecular orbit ͑HOMO-LUMO͒. The general trends are the following: Ē b increases monotonically whereas the vIP and and E g decrease almost monotonically ͑note E g of Al 5 Li 25 ). These properties are characteristic of metal clusters, and linear extrapolations of Ē b and vIP values ͑GGA͒ with respect to N el Ϫ1/3 lead us to theoretical bulk estimates (Ē C ϭ2.09 eV, Wϭ2.79 eV) that are closer to the corresponding values of pure bulk Li ͑1.63 eV and 2.38 eV͒ than Al ͑3.39 eV and 4.25 eV͒. 26, 27 Furthermore, Al-Al bond lengths are distributed over a broad range ͓for Al bulk d͑Al-Al͒ϭ2.86 Å͔, and it is difficult to assign any trends.
Inspection of Table I shows that the effect of the GGA is to lower both Ē b and the vIP, and the HOMO-LUMO gap is increased in all cases. The latter is a typical improvement to the LSD approximation 28 . The bond lengths increase due to the GGA ͑1%-3% for the Al-Al bonds͒. Indications of the relative stabilities of different clusters can be obtained from Table I , where the AlLi 5 -block detachment energies ͑D͒ and corresponding second differences of total energy (Ϫ⌬ 2 E) are also reported. The oscillating patterns in both of these quantities suggest that Al 3 Li 15 and Al 5 Li 25 are the most stable clusters, and this is consistent with the vIP and E g values ͑see also Fig. 3͒ . In spite of the compact geometry of Al 5 Li 25 ͑40 electrons͒, we cannot associate its relatively high stability to the SJM ͑note also the high degeneracies of electronic levels of Al 5 Li 25 in Fig. 3͒ . 29 The KS energy eigenvalues of Al N Li 5N clusters calculated with GGA are shown in Fig. 3 . As noted by Cheng et al., 16 we observe that the electronic structure of the AlLi 5 unit shows that the charge of Li atoms moves to the Al-Li bonds while the 3p shell of Al is filled. This idea can be continued to Al 2 Li 10 , where two AlLi 5 units are combined. Investigation of the resulting KS orbitals reveals that they can be considered in terms of ordinary molecular orbitals of an atomic dimer resulting in the sequence 1 g ͉1 u ͉2 u 2 ͉2 g ͉2 g 2 for the seven lowest spin-degenerate orbitals. The highest ͑eighth͒ occupied molecular orbital does not fit into this category ͑i.e., its character is not 2 u ) due to the perturbing symmetry of the Al 2 Li 10 cluster. The above findings are corroborated in Fig. 3 , where the energy levels of AlLi 5 correlate well with the corresponding ͑split͒ levels of Al 2 Li 10 . Figure 1 shows that the idea of forming clusters from AlLi 5 units does not hold for larger Al N Li 5N clusters. This is further demonstrated in Fig. 3 , which shows that each cluster size displays its own electronic character. Nevertheless, we see a common behavior for all these clusters: the clear energy separation between the s and p electrons, which evolves from 3.69 eV in AlLi 5 to 0.76 eV in Al 10 Li 50 . In order to study this phenomenon more extensively we have performed a spherical harmonics analysis of the KS orbitals in the vicinity of each Al ion, 30 and the s and p components obtained for Al 6 Li 30 and Al 10 Li 50 are shown in Fig. 4 . Each component is averaged over all the Al ions using the magnitude of the particular orbital in the particular location ͑Al ion͒ as a weighting factor. From Fig. 4 we see that the N lowest spindegenerate orbitals of Al N Li 5N clusters have a clear s character (w s у0.80), whereas the higher orbitals ͑with a few exceptions͒ show a clear p character (w p ϭ0.47-0.96) up to the Fermi energy. Similar observations apply to the other Al N Li 5N clusters, and we conclude that the s-p hybridization does not occur for the cluster sizes studied here. We expect that this behavior will continue up to relatively large cluster sizes, since even the lithium-rich bulk alloys exhibit identifiable s and p bands. 21 The charge density and accumulation-depletion isosurfaces of Al 3 Li 15 are shown in Fig. 5 . The amount of total charge inside the two charge density plots is 38% and 75%, respectively; i.e., in the first case the enclosed charge is equal to the initial valence electron contribution of Al atoms. The binary nature of Al 3 Li 15 is evident: The largest charge densities are observed in the vicinity of Al ions, whereas the rest of the charge is delocalized over the Li region in accordance with the prolate geometry of the cluster. This can also be seen in the accumulation-depletion plot, which shows a complicated charge transfer pattern. As expected, Li ions donate charge to Al and especially to the interstitial region between Al and Li ions, leading to the ionic character of Al-Li bonding. However, Al ions also move charge from the center and the apices of the Al triangle, and the largest depletion values are found in these regions. The Al-Al bonds do not participate in the charge transfer process, and the covalent character of these bonds is enhanced. We note that some charge has accumulated at the ends of the prolate cluster, indicating a self-deformation of electron density that might be related to the similar phenomena observed in the jellium model. lattice, where Al and Li atom occupations were decided according to the AlLi alloy structure desired (B2 or B32). In order to make the clusters more spherical and to reduce the area of ͑100͒ facets, we have chosen a truncated rhombic dodecahedron ͑59 and 145 atoms͒ as the underlying cluster geometry. The starting configurations were freely optimized to their corresponding metastable minima with both the local density approximation ͑LDA͒ and GGA ͑we use spindegenerate orbitals here͒. During the optimization the corners and edges of Al 32 Li 27 became less pronounced, resulting a nearly spherical shape. The outermost Al ions gained Al contacts ͑only Al-Li nearest-neighbor bonds exist in the pure B2 phase͒, and the relatively large HOMO-LUMO gap of Al 32 Li 27 (E g ϭ0.49 eV; see Fig. 7͒ suggests that this structure might be a low-energy isomer. On the other hand, Al 30 Li 29 maintained its geometry quite well; the most visible changes are observed in the ͑100͒ facets, where the tetrahedral coordination of the cluster (B32) induces some twisting. The KS energy eigenvalues of B2 and B32 AlLi clusters calculated with GGA are shown in Fig. 7 . There is no separation of s and p bands, as in the case of bulk calculations. 21 Furthermore, pronounced deviations in the overall locations of the eigenvalue spectra indicate differences in the electronic structures of B2 and B32 clusters. According to Guo et al. 21 the two phases of bulk AlLi alloys have distinctive electronic natures: B2 is more metallic due to the absence of Al-Al bonds, whereas B32 resembles more the covalent bonding in bulk Si ͑diamond lattice͒. Inspection of charge density contours ͑not shown͒ indicates that this is also the case for the B2 and B32 clusters.
The physical properties of B2 and B32 AlLi clusters are listed in Table II . In addition to the compressibilities B we present the scaled second derivatives A of the total energy, which cause no volume-induced ambiguities ͓see Eq. ͑2͒ below͔. The ratio of Al to Li ions varies considerably among the cluster sizes studied, and comparisons of average binding energies between different cluster sizes should be made with caution. The relatively high Ē b of Al 32 Li 27 supports our earlier suggestions of the high stability of this cluster.
In order to calculate the compressibility ͑bulk modulus͒
of the clusters, we have chosen any size-related length l ͑e.g., cluster radius͒ as the variable, leading to
where ⍀ cl ϭV cl /N is the average volume per atom in the cluster, and the scaled second derivative A of the total energy E is calculated using a simple scaling of cluster volume in a region where the harmonic approximation is adequate ͑for a better method of compressing clusters see, for example, Martoňák et al.
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͒. The quantity A does not depend on the volume. However, in calculating the compressibility B the concept of cluster volume is a major problem that cannot be overcome completely. We integrate spherically over the charge density and deduce the cluster radius and volume (V cl ϭ 4 3 R cl 3 ) from the radial electron density obtained.
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The resulting compressibilities B ͑see 
IV. CONCLUSION
We have studied AlLi clusters using the first-principles BO-LSD-MD simulation method in conjunction with the LSD approximation and GGA parametrizations of the exchange-correlation energy, separable nonlocal pseudopotentials, and a plane-wave basis set. In the case of Al N Li 5N (Nϭ1 -6,10) clusters, the optimal cluster geometries are generated via a simulated annealing strategy, where the dynamical finite-temperature simulations are performed using the BO approximation and the Hellmann-Feynman theorem. The number of different isomer configurations increases in binary clusters even faster than in the homonuclear aggregates, and we cannot guarantee that all the structures obtained are indeed the lowest-energy isomers of the corresponding cluster sizes. However, we believe that the major structural trends of Li-rich AlLi clusters are well described. We have observed structural changes in the geometries of lithium-rich Al N Li 5N cluster alloys. Al-Al bonds start to break as the cluster size is increased (Nу5), leading to a mixture of Al and Li ions, where the resulting Al skeleton finally forms a chainlike configuration (Nϭ10). We conclude that it is not possible to build larger lithium-rich AlLi clusters where the Al ions comprise a compact core ͑e.g., icosahedral Al 13 Li 42 ). Furthermore, the idea of building stable Al N Li 5N clusters from ''magic'' AlLi 5 units does not apply after Al 2 Li 10 . This is further supported by our calculations-that the total energies of the larger clusterassembled metastable isomers are much higher than for the corresponding lowest-energy isomer ͑for example, assembled Al 5 Li 25 isomer is 0.145 eV/atom higher in energy͒. We note that there are other metallic compounds, such as Na 4 Pb 4 , 33 where the cluster-assembling idea is fulfilled. The electronic structures of Al N Li 5N clusters show that the s-p hybridization does not arise at small cluster sizes, and that there is always a clear gap between the s and p bands. This result reflects a significantly different behavior from pure Al clusters, where the hybridization effects can be observed quite early (NϷ4).
14 Consequently, we predict that for the corresponding cluster anions there should be a clear band gap in the photoelectron spectrum about 2-3 eV above the threshold. Using Al 3 Li 15 as an example, we have demonstrated an interesting charge transfer phenomenon, where ionic Al-Li and covalent Al-Al bonds are formed.
In order to study the evolution of certain bulk properties, 
